Higher intraocular pressure (IOP) is a major risk factor for developing glaucoma, and the leading cause of irreversible blindness worldwide. High altitude (HA) may be involved in IOP, but the reported results were conflicting. Ascent to HA directly by plane from low altitude regions is an acute, effortless exposure. However, the effects of such exposure to different altitudes on IOP have rarely been reported.
INTRODUCTION
Glaucoma is the leading cause worldwide of irreversible blindness [1] , and intraocular pressure (IOP) is a major risk factor for developing glaucoma. Accurate measurement of IOP is crucial for diagnosis and management of glaucoma.
The International Society for Mountain Medicine defines 1500-3500 m above sea level (ASL) as high altitude (HA), 3500-5500 m ASL as very high altitude (VHA) and > 5500 m ASL as extremely high altitude. Around 140 million people live permanently at altitudes > 2500 m [2] . Large numbers of people travel to HA for recreational or research purposes. IOP was previously proposed as an indicator for acute mountain sickness and HA cerebral edema [3, 4] . Thus, change in IOP at HA has been a topic of interest for many years. Nevertheless, the results have been inconsistent. Findings range from a decrease [4] [5] [6] [7] [8] [9] , to no change [10] , to an increase [11] [12] [13] [14] [15] in IOP after exposure to moderate and VHA. The conflict in IOP variation with altitude may be due to duration and rate of ascent, altitude reached, limitations of measuring instruments, and individual susceptibility. Many lowlanders now ascend to high altitude directly by plane, which is a relatively acute, effortless exposure. However, the effects of such exposure to different altitudes on IOP have rarely been reported.
Different from previous studies, this is the first study to explore IOP change from sea level to HA and then up to VHA and back to sea level for the same subjects. The IOP changes in highlanders exposure to higher elevation were also investigated. The changes in IOP may provide additional information on how altitude alters IOP readings. Secondly, in this study, subjects flew from one altitude to another. The effects of acute effortless exposure to different altitudes have rarely been reported.
Thirdly, we compared the IOP in ascending groups with local highlanders at HA, which has not been explored before. Finally, we correlated the IOP results with concurrently measured systemic changes such as oxygen saturation, blood pressure, pulse rate, erythrocyte, and hemoglobin concentration.
MATERIALS AND METHODS

Study design
This prospective study was performed on a medical team who participated in a medical mission at HA from August 9, 2015 to August 15, 2015 . We included 116 eyes in 58 healthy doctors who were separated into three groups according to the altitude where they permanently resided. The first group was the low altitude (LA) group, composed of 17 healthy lowlanders who were all native inhabitants of Beijing (44 m ASL) and permanently resided there. The second group was the HA group, composed of 22 healthy HA dwellers who were all native inhabitants of Xining (2261 m ASL). The third group was the VHA group, composed of 19 healthy highlanders who were all native inhabitants of Yushu (3750 m ASL). All subjects were originated in China. Exclusion criteria for participants were any type of cardiac, respiratory or nervous system disease; a history of HA pulmonary edema or HA cerebral edema; a history of ophthalmic disease including refractive errors ≥ ± 6 diopters, glaucoma, retinal disease, and narrow-anterior chamber angle; a history of ophthalmic surgery; a history of contact lens wear; and intake of any drugs affecting IOP such as acetazolamide, corticosteroids, or beta-blockers.
This study was approved by the Ethics Committee of Beijing Tongren Hospital, and adhered to the principles of the Declaration of Helsinki. All subjects gave written, informed consent after having been informed of the nature of the research expedition. The study was registered at http://www.chictr.org.cn (Study NO. ChiCTR18000 15513).
Ascent profiles
The LA group was flown from Beijing, China (44 m ASL) to Xining, China (2261 m ASL), where they acclimatized for 3 d before being flown with the HA group for 2 h to Yushu, China (3750 m ASL). They stayed at Yushu for 2 d. The LA and HA groups flew back to Xining. After 1 d of rest at Xining, the LA group flew back to Beijing (Figure 1 ). At Xining and Yushu, subjects were advised to avoid any strenuous activity and were not allowed to descend below 2000 m and 4000 m ASL, respectively. The medical mission was carried out for 3 d in Xining and 2 d in Yushu.
Measurements
All participants initially underwent general and ophthalmic baseline examinations at their local hospitals: The LA group at Beijing Tongren Hospital, the HA group at the Qinghai Provincial People's Hospital, and the VHA group at Yushu Hospital. The LA group was examined 6 h after flying to 2261 m ASL. The same measurements were simultaneously performed on the LA and HA groups at 6, 24, 36 and 48 h after flying to 3750 m ASL ( Figure 2 ). IOP measurements in lowlanders were also performed 6 h after flying back to Xining and Beijing.
IOP was measured with a handheld tonometer (24-3000, 12K1031; Accutome, Malvern, PA, United States) by placing the tip of the device onto the central cornea under local anesthesia with 0.5% proparacaine hydrochloride (Alcon-Couvreur, Puurs, Belgium). Three complete measurements were taken, and the average was calculated and recorded. The tonometer was calibrated according to the manufacturer's guidelines before each examination session. Concurrently with IOP measurement, blood pressure and pulse oximetry were measured with an electronic sphygmomanometer (HEM-7133; Omron Corporation, Kyoto, Japan) and a finger pulse oximeter (PC-60NW; Health Force, Shanghai, China), respectively. Subjects were resting in a sitting position at this time. Stable values after at least 3 min rest were recorded. Mean blood pressure (MBP) was calculated as 1/3 × systolic blood pressure + 2/3 × diastolic blood pressure. Ocular perfusion pressure was calculated as 2/3 × MBP -IOP. All the systemic values were measured at least 6 h after exposure to a new altitude and also at similar times of the day to minimize the effect of fatigue due to flying and diurnal variation [16] . Venous blood was drawn while subjects were oriented in the sitting position and the blood was placed in separate tubes. Erythrocyte and hemoglobin concentrations were examined and recorded for further analysis. To avoid hemolysis, specimens were observed by a senior biochemist. All equipment used was calibrated to ensure accuracy before each testing session. Statistical analysis was performed with commercially available statistical software packages (SPSS for Mac, version 24.0; IBM-SPSS, Chicago, IL, United States). The Shapiro-Wilk W test was used to check for normal distribution of data. When variables were not normally distributed, the Kruskal-Wallis test with post hoc Dunn multiple comparisons was used to compare them among the three altitude groups. When variables were normally distributed, one-way analysis of variance with post hoc least significant difference analysis was performed among the groups. Levene's test was used to examine the homogeneity of the variance. The linear mixed model was used to compare repeated measurements at each time point for the LA and HA groups as altitude elevated, and to adjust for correlation between two eyes within each subject. Bonferroni correction was applied for multiple comparisons. Spearman correlation was used to examine for associations between IOP and other variables. A linear regression was utilized to explore the association of IOP changes in the LA group before and after ascending. A two-sided error P < 0.05 was considered as statistically significant.
Statistical analysis
RESULTS
The three groups were comparable in gender, age, height, weight, body mass index, and waist and hip measurements ( Table 1) . As expected, compared to the LA group, the HA and VHA groups had lower pulse oxygen saturation (SpO 2 ), and higher erythrocyte and hemoglobin levels (all P < 0.001) ( Table 2 ). The VHA group had the lowest SpO 2 (P < 0.001) and highest erythrocyte and hemoglobin levels (P = 0.03 and P = 0.004, respectively). Systolic blood pressure (SBP) and diastolic blood pressure (DBP) in the altitude groups were higher, but not significantly, than in the LA group (P = 0.138 and P = 0.336, respectively). In terms of IOP, the LA group had the highest value while the HA and VHA groups had comparable values (P < 0.001) ( Table 2 ). All subjects in the LA and HA groups finished the ascent procedure without discomfort such as headache, nausea and dehydration, and without medication. Longitudinal observation of IOP in the LA group elucidated a gradual and significant decrease from 18.41 ± 2.40 mmHg at sea level (LA baseline) to 13.60 ± 3.68 mmHg at 2261 m ASL (P < 0.001), and then to 11.85 ± 2.48 mmHg at 3750m ASL (P = 0.036 compared to IOP at 2261 m ASL). This IOP at 3750 m ASL was maintained for 2 d (all P > 0.05). When the LA group flew back to 2261 m ASL, the IOP did not change (12.84 ± 2.34 mmHg). When the LA group flew back to 44 m, the IOP increased to 13.47 ± 2.57 mmHg but was still lower than LA baseline (P < 0.001). The IOP in the LA group at 2261 and 3750 m was comparable to that in the native residents: 12.23 ± 2.38 mmHg in HA residents (P = 0.178) and 11.53 ± 1.83 mmHg in VHA residents (P = 0.463). Figure 3 shows IOP changes in the LA groups were negatively associated with LA baseline (LA at 2261 m ASL, r = -0.546, P < 0.001; LA at 3750 m ASL, r = -0.636, P < 0.001).
No significant changes were found in the IOP of the HA group throughout the observation time at 3750 m ASL (11.39 ± 2.18 mmHg at 6 h, 12.73 ± 1.79 mmHg at 24 h, 11.98 ± 1.32 mmHg at 36 h, and 12.16 ± 2.92 mmHg at 48 h, all P > 0.05) compared to that at 2261 m ASL (12.23 ± 2.38 mmHg, HA baseline). groups as altitude elevated. SpO 2 of the LA group gradually decreased from 97.06 ± 0.43% at 44 m ASL to 90.06 ± 3.60% at 2261 m ASL (P < 0.001), and then to 84.18 ± 3.41% at 3750 m ASL (P < 0.001). All other systemic parameters in the LA group did not change after exposure to 2261 m ASL. However, there were increases in pulse rate (97.41 ± 9.6 bpm, P < 0.001), DBP (78.41 ± 11.77 mmHg, P < 0.001), SBP (116.88 ± 13.36 mmHg, P = 0.006), erythrocyte level (5.31 ± 0.57 10 12 /L, P < 0.001), and hemoglobin level (146.18 ± 15.26 g/L, P = 0.027) after exposure to 3750 m ASL when compared to that at 2261 m ASL. After 6 h exposure to 3750 m ASL, SpO 2 of HA group significantly dropped from 94.55 ± 1.18% to 88.67 ± 1.83% (P < 0.001) and remained stable during the observation time. Pulse rate significantly increased from 79.59 ± 10.58 to 87.92 ± 7.02 bpm (P = 0.015) and recovered at 24 h exposure to 3750 m ASL (83.14 ± 10.19 bpm, P = 1.000). There was an increase in hemoglobin level (157.09 ± 20.26 vs 165 ± 21.32 g/L, P < 0.001). No significant changes were found in erythrocyte level and BP (all P = 1.000). Table 3 shows the association between IOP and systemic parameters. IOP was positively correlated with SpO 2 in the LA and HA groups. There was a positive correlation between IOP and hemoglobin level in the LA group. IOP was not associated with SBP, DBP or erythrocyte level.
DISCUSSION
We prospectively studied the IOP changes at a series of altitude elevations and found that LA group demonstrated a consistent trend of decrease in IOP with acute, effortless altitude elevation from sea level; and at the highest altitude, the decreased IOP was comparable to the IOP of native residents. However, IOP in the HA group was sustained after exposure to VHA. The change in IOP of the LA group was correlated with systemic parameters.
The decrease in IOP in the LA group after acute effortless exposure was consistent with previous studies performed at similar altitude [4, 5, 7, 9] . However, these findings contradict those of Somner et al [10] , who found an increase in both raw IOP and IOP corrected by central corneal thickness (CCT) after exposure to 5200 m ASL. The subjects in that study were flown to 3700 m ASL, where they acclimatized for 4 d before being driven for 2 h to 5200 m ASL. The authors compared IOP at 5200 m ASL and upon return to sea level. The baseline value measured after exposure to HA might be influenced by altitude exposure and thus yielded different results [10] . Our findings were also inconsistent with a study that reported increased IOP in lowlanders travelled to 2000 m ASL by bus and trekked to 2800 m ASL [11] . The effect of acute altitudinal change on intraocular pressure was different from the effect of chronic exposure and thus yielded different results. A previous study has also reported a reduction in IOP from 14.2 ± 2.7 mmHg at ground level to 12.3 ± 2.5 mmHg in the second hour of flight and 12.0 ± 1.7 mmHg at 3.5 h after landing. The cabin pressure was maintained around 8000 feet, equivalent to 2440 m ASL [17] . This pressure was similar to that at the first altitude our subjects reached. It is possible that air travel might also have contributed to some extent to the IOP changes found at HA. In the current study, IOP in lowlanders did not return to baseline upon return to sea level. Nebbioso et al [8] reported a further decrease in IOP after immediate return to sea level from 5486 m ASL in a simulation chamber. Bosch et al [18] demonstrated partially recovered IOP compared with that at 5200 m ASL. Willmann et al [9] reported a significant reduction in IOP after correction by CCT and recovered to baseline level 14 d after return to 374 m. Thus, previous studies, although they rarely showed complete IOP recordings from pre-ascent to HA then back to sea level, combined with our results indicate that IOP should spend some time recovering to sea level after exposure to altitude. Whether IOP changes after exposure to higher elevations in highlanders has never been reported. Our results showed comparable IOP in highlanders throughout the observation time at VHA (3750 m ASL), indicating that adaptation in highlanders protected them from hypoxia at higher altitude.
Our data show that HA and VHA permanent residents had lower IOP than LA residents had. Epidemiological studies at different altitudes found that IOP in healthy Han Chinese subjects in Shunyi (35 m) [19] and Yongnian (65 m) [20] were 16.11 ± 3.39 and 15.0 ± 2.8 mmHg, respectively, while the IOP of Bai Chinese healthy subjects in Dali (2179 m) [21] and of Tibetans in Qushui (3593 m) [22] were 14.4 ± 3.3 and 12.9 ± 2.7 mmHg, respectively. The IOP levels at the three altitudes in the present study were higher than those reported in previous studies, which could be due to the smaller samples and younger age, but the tendency for IOP decrease is in agreement with these pooled results. To obtain more powerful results, larger study samples are needed to investigate the normal range of IOP in different-altitude native residents. Because different altitudes are shown to be associated with different IOP ranges, the effects of altitude changes should be considered when diagnosing subgroups of glaucoma, especially for normal-tension glaucoma, and when developing target IOPs for glaucomatous patients.
The fact that the IOP dropped to a plateau and then remained stable suggests that the hypoxic and hypobaric environment at HA may affect the balance between aqueous production and outflow. Although the exact mechanisms are unclear, our data showing a positive correlation between SpO 2 and IOP may support the hypothesis that reduced oxygen saturation experienced at HA may decrease aqueous production and thus IOP [23] . It is possible that aqueous humor production may be impaired during systemic hypoxia and, after a certain hypoxia threshold has been reached, IOP no longer changes. Moreover, hypoxia provokes hyperventilation. This can decrease IOP through decreased PCO 2 and bicarbonate effects on alteration of intraocular blood volume and altered formation of aqueous humor [24] . Two outliers on the left graph in Figure 3 stemmed from paired eyes of one person and indicate an increase in IOP after exposure to 2261 m ASL. The reason for this is not clear. This subject showed more stable heart rate and BP and this may partly explain these two singular values. Despite the parameters above being associated with IOP changes at HA, a post-hoc study should be performed to examine further the underlying mechanisms of IOP changes at HA. This may provide a potential environmental factor that can lower IOP. Although IOP decreased on ascent to 2261 m ASL, other systemic parameters did not change besides SpO 2 . This suggests that IOP may be not a useful screening method for incipient and potentially harmful altitude-dependent diseases. The present study had some limitations. Firstly, CCT was not measured. However, Aptel et al [25] reported the pooled effects of HA exposure on CCT, which showed a mean increase of 19.3 μm after 3-5 d of exposure. If we compensate IOP with the change in CCT based on the range of values suggested in the literature [26] [27] [28] , the true IOP in our subjects might have been 0.2-0.4 mmHg lower than that measured at HA or VHA. Adjusting for this would yield an even more significant decrease in IOP from LA to 2261 m and 3750 m ASL. Secondly, all participants in the present study were young adults and it is unclear how well the results obtained from our study population can be applied to older subjects. Thirdly, IOP was measured by Accupen applanation tonometer. The tonometer effect on IOP readings should be considered in future studies. Lastly, the present study did not follow the IOP changes over a long duration of exposure to HA.
In summary, this study showed that, for young healthy individuals, IOP gradually reduced when altitude acutely elevated in stages and became comparable to IOP in native residents. Systemic SpO 2 reduction might be involved in the mechanisms of decrease in IOP as altitude increases. This might provide a potential environmental factor to lower IOP. Measuring IOP might not be a useful screening method for incipient and potentially harmful altitude-dependent diseases. 
ARTICLE HIGHLIGHTS
Research background
High intraocular pressure (IOP) is a major risk factor for glaucoma. Previous studies suggested that high altitude affected intraocular pressure, but the results were inconsistent. Now many lowlanders ascend to high altitude by plane. The effects of such an acute, effortless exposure to different altitudes have rarely been reported.
Research motivation
This study is a longitudinal observation of intraocular pressure variation with acute, effortless altitude changes. Our findings may provide additional information on how altitude changes affect IOP.
Research objectives
To investigate changes in IOP after acute effortless exposure to high altitude in stages and compare it with systemic parameters.
Research methods
This prospective study included three groups according to the place of residence: Low-altitude (LA) group [44 m above sea level (ASL)], high altitude (HA) group (2261 m ASL), and very high altitude (VHA)group (3750 m ASL). The LA group flew to HA first. Three days later, LA group flew with the HA group to VHA where both groups stayed for 2 d. Then, the LA group flew back to 2261 m ASL and stayed for 1 d before flying back to 44 m. IOP, vital values and hematological values were measured and compared before, during and after exposure to 2261 m and 3750 m ASL. The mixed linear model was used to compare repeated measurements and Bonferroni correction was applied for multiple comparisons. Spearman correlation was used to analyze the associations between IOP and systemic parameters. Different from previous studies, this is the first study to observe IOP changes in the same subjects from sea level to high altitude and then up to very high altitude, and then back to sea level. In addition, subjects flew from one altitude to another altitude. We also compared the IOP in ascending groups from low altitude with that in local highlanders.
Research results
The LA group had the highest IOP (18.41 ± 2.40 mmHg) compared with the HA (12.23 ± 2.38 mmHg) and VHA (11.53 ± 1.83 mmHg) groups. IOP in the LA group significantly decreased from 18.41 ± 2.40 mmHg at 44 m to 13.60 ± 3.68 mmHg at 2261 m ASL, and then to 11.85 ± 2.48 mmHg at 3750 m ASL and partially recovered to 13.47 ± 2.57 mmHg upon return to 44 m. IOP in the LA group at HA and VHA decreased to that in the native residents. IOP was positively associated with pulse oxygen saturation. Higher baseline IOP correlated with greater IOP changes in the LA group. The findings indicated that acute, effortless exposure to high altitude reduced IOP. It would be interesting to investigate the effects of long-term altitude exposure on IOP in the future. Furthermore, the mechanisms of IOP changes at high altitude deserve further study.
Research conclusions
IOP in the lowlanders reduced as altitude elevated in stages and became comparable to IOP in native residents. The lower IOP was associated with hypoxia at high altitude. The higher the baseline IOP, the greater the decrease in IOP. The findings may provide a potential environmental factor to lower IOP, that deserves further study.
Research perspectives
The results suggested that high and very high altitude residents have lower IOP than lowlanders had. The IOP in ascending groups from low altitude dropped to the level of local highlanders after acute, effortless exposure to higher altitude. Lower IOP is associated with hypoxia at high altitude. Larger sample studies are needed to investigate the normal range of IOP in native residents at high altitude. Furthermore, the mechanisms of IOP variation and IOP changes after long-term exposure to high altitude deserves further study.
